SUMMARY. 1. The influences of temperature and dissolved nitrates and phosphates on microbial activity associated with suspended fine particulate organic matter (seston) were evaluated in four headwater streams in the southern Appalachian Mountains.
Introduction
Fine particulate organic matter (FPOM) generated during the decomposition, fragmentation and invertebrate processing of allochthonous detritus in headwater streams represents a substantial energy resource in these and downstream ecosystems. Although considerable attention has been directed toward the processing of coarse particulate organic matter (CPOM)
resource for associated microorganisms. If such consumer processing reduces the nitrogen and phosphorus content of FPOM, microbial activity associated with fine particles may depend heavily upon dissolved nutrients. From the limited data available on nutrient content of FPOM, it appears that nitrogen may limit microbial activity. Naiman & Sedell (1979) found that carbon/nitrogen ratios for benthic FPOM were relatively high, indicating that nitrogen concentrations in FPOM were much lower than those which Russell-Hunter (1970) predicted to be necessary for efficient growth in aquatic organisms. Several authors have shown that nitrogen contained within highly-processed detritus particles may not be readily available due to binding with refractory materials such as lignin and phenol (Odum, Kirk & Zieman, 1979; Rossett et al., 1982; Triska et al., 1984) . Indirect evidence supporting the suggestion that nitrogen limits consumer activity comes from the finding that considerable quantities of nitrogen believed to be part of detritus particles perse may actually be associated with microorganisms and their exudates. Much of the nitrogen associated with decomposing CPOM has been attributed to microbial biomass (e.g. Barlocher, Mackay & Wiggins, 1978; Rossett et al., 1982; , and microbial exudates (Hobbie & Lee, 1980; Rice & Hanson, 1984) . In view of the frequent findings that dissolved nutrients accelerate CPOM breakdown (e.g. Egglishaw, 1968 Egglishaw, ,1972 Meyer & Johnson, 1983; Rossett et al., 1982; Sedell, Triska & Triska, 1975) and the fact that FPOM appears to be relatively nutrient-poor, we predicted that microbial activity associated with FPOM would be . strongly dependent upon dissolved nutrients. Many investigators have found that temperature is a major factor affecting detritus processing (e.g. Iversen, 1975) , and some have shown that temperature can override variations in leaf breakdown rates caused by differences in the chemical composition of leaves (e.g. Reice, 1974; Suberkropp, Klug & Cummins, 1975; Paul, Benfield & Cairns, 1983) . Consequently, diurnal and seasonal temperature fluctuations and catchment disturbances, such as forest clearcutting, that affect stream temperature regimes were also predicted to strongly influence microbial activity associated with fine paniculate detritus. '
:
The primary objective of this study was to investigate the effects of short-term elevations in dissolved nitrate and phosphate concentrations on microbial activity associated with suspended FPOM (seston) in southern Appalachian headwater streams. Effects of temperature alterations on microbial activity were evaluated as standards with which to assess the influence of dissolved nutrients.
Study sites
Studies were conducted at two sites. The Virginia study site, White Rocks Branch, is a second-order stream (altitude 850 m) located in Jefferson National Forest, Giles Co., Virginia. This stream is a soft-water system with an average annual seston concentration of 5.3 mg dry weight I" 1 (G. T. Peters, unpubl. ).
Materials and Methods
Seston samples were collected at base flow and fractionated into four size classes: 0.45-53 ^m, 53-106//m, 106-250/^m, and 250-500 //m, Seston particles >500 ftm could not be collected in sufficient quantities for analysis because concentrations were extremely low. The three largest size classes were collected by filtering several hundred litres of stream water through brass sieves (Fisher Scientific) . The smallest fraction was collected by passing approximately 10 litres of stream water through a 53 fim sieve and subsequently trapping particles on 0.45 fim glass fibre filters. These collection techniques facilitated the 200-600-fold concentration of seston for analyses of microbial activity. Seston particles were rinsed into 1 litre Nalgene bottles with stream water and transported to the laboratory in insulated containers to maintain ambient stream temperatures.
In the laboratory, magnetic stirrers were used to resus.pend seston particles for subsampling. Subsamples (5 ml) were pipetted into 25 ml Erlenmeyer incubation flasks, and replicate subsamples were placed on tared, 0.45 jum glass fibre filters to measure dry weight (50°C; 24 h) and ash free dry weight (550°C; 0.5 h) after Gurtz, Webster & Wallace (1980) . Trace quantities (0.050ml; 0.1 ^Ci ml-1 ) of uniformlylabelled [ . Flasks were stoppered with rubber septa and incubated in water baths for 3 h. Less than 10% of the 14 C added to each flask was respired over the incubation period. Incubations were terminated by acidification with 0.2 ml 6 N H 2 SO 4 . Strips of phenethylamine-saturated chromatography paper (2x4 cm) suspended above seston samples in filter cups (Kontes Inc.) were used to trap 14 CO 2 evolved during the experiments (Hobbie & Crawford, 1969) . Paper strips were transferred to 20 ml borosilicate glass scintillation vials containing 10 ml Scintiverse E (Fisher Scientific) Effects of dissolved nutrients on microbial activity were determined by amending seston samples with 0.5 ml distilled water solutions containing 7.6 pg sodium nitrate (NaNO 3 ) or 0.35 jug sodium phosphate (NaH 2 PO 4 ) to increase nutrient concentrations by 1.0 mg NO 3 I' 1 (0.226 mg NO 3 -N I-1 ) and 0.05 mg PO 4 I' 1 (0.016 mg PO 4 -P ]-'), respectively. To ascertain the effects of temperature on microbial activity, incubation flasks were held in water baths at ambient stream temperatures or 5°C above or below ambient tremperatures. Controls and seston samples used in temperature experiments received 0.5 ml distilled water additions to correct for dilution in the nutrient experiments. Four replicate seston samples were used to evaluate microbial activity in each treatment group. Effects of temperature and nutrient amendments on microbial production were assessed by quantifying the incorporation of tritiated thymidine using the methods of Fuhrman & Azam (1980) and Riemann, Fuhrman & Azam (1982) . Seston samples were prepared as above and incubated for 1 h with [methyl-3 H]thymidine (0.5 ml; 13.75 //Ci ml-') added to achieve final concentrations of 10 nM thymidine T 1 . Incubations were stopped by injecting 0.15 ml formaldehyde (1% final concentration). Flasks were immediately placed on ice, and icecold 10% trichloroacetic acid was added to remove soluble (i.e. unincorporated) thymidine from seston particles and microbial cells. Samples were subsequently filtered onto Metricel membrane filters (pore size=0.45 /urn), transferred to scintillation vials, and counted as described.
Glucose mineralization was evaluated seasonally (autumn and winter 1984; spring and summer 1985) in White Rocks Branch, and in 
Results

Glucose mineralization
Reference glucose mineralization rates in White Rocks Branch ranged from 3.182x lO" 8 to 3.065xlO~7g glucose g seston AFDW'
1 h' 1 ( (Table 1) . Similar results were obtained in the three streams at Coweeta Hydrologic Laboratory (ANOVA; P>0.05) even though nitrate and phosphate concentrations were increased by as much as an order of magnitude above background levels in some streams (Table  3) .
Thymidine incorporation
Incorporation of [
3 H]thymidine by heterotrophic bacteria associated with seston was (Table 4) . Thymidine incorporation by bacteria associated with seston in the streams at Coweeta Hydrologic laboratory was similarly unaffected by nutrient amendments. Mean reference thymidine incorporation rates ranged from 7.136X10-15 to 2.110xlO-' 3 g thymidine g seston AFDW"
1 h" 1 and were not significantly affected (ANOVA; P>0.05) by nitrate or phosphate amendments (Table 5 ).
Discussion
Our results suggest that temperature is an important environmental determinant of microbial activity associated with seston in headwater streams; 5°C alterations in temperature always elicited significant differences in activity, regardless of whether activity was measured as [ 14 
C]glucose mineralization or [
3 H]thymidine incorporation. In view of these results, diurnal fluctuations in temperature and long-term variations in thermal regime due to catchment variables such as land-use, elevation, and aspect should have marked effects on microbial activity and, presumably, mineralization of FPOM. Diurnal fluctuations in temperature of 5°C are common in many headwater streams, especially those draining recently clear-cut catchments or catchments with sparse canopies. Lynch, Rishel & Corbett (1984) found that while average monthly diel fluctuations in temperature ranged from 0.9 to 2.7°C and never exceeded 6°C in a forested catchment in Pennsylvania, diel fluctuations of 6°C or more were observed from as early as March to as late as November in a clearcut basin. In addition, diel variations exceeded H 0 C on 18 days in June and 11 days in July in the clear-cut catchment. Several other studies have shown that forest clear-cutting can have profound effects on daily and annual minimum and maximum stream temperatures (e.g. Brown & Krygier, 1970; Swift & Messer, 1971; Swift, 1982) . Such long-term alterations in thermal regime may dramatically alter the activity and production of microbes associated with seston and potentially alter the palatability of seston to macroinvertebrate consumers.
Accelerated leaf breakdown has been associated with nutrient-rich systems by several authors (Egglishaw, 1968 (Egglishaw, ,1972 Meyer & Johnson, 1983; Rossett et al, 1982; Sedell et al., 1975) . Triska, Sedell & Buckley (1975) suggested that nitrogen and phosphorus limit decomposition in Oregon streams. Nitrogen and phosphorus have been shown to facilitate the decomposition of cellulose in lake sediments (Federle & Vestal, 1980) , and inorganic and organic nitrogen concentrations have been correlated with cellulose and lignin decomposition in streams of the Pacific Northwest (Aumen et al., 1983) . We expected dissolved nutrient amendments to elicit substantial increases in microbial activity associated with seston because seston particles appear to be nutrient-poor. Carbon/nitrogen ratios for FPOM are relatively high, ranging from 19.9 to 36.1 (Naiman & Sedell, 1979) , while C/N ratios for microorganisms are much lower (e.g. 5.6; Bowen, 1966) . Clearly, the high C/N ratios of benthic FPOM suggest potential nutrient limitation, even if the growth yield (i.e. the ratio of the efficiency with which carbon and nitrogen are put into growth) is as low as 0.4. Much of the nitrogen associated with detritus is also thought to be bound in microbial biomass (Marsh & Odum, 1979) or extracellular microbial secretions (Hobbie & Lee, 1980) and may not be available for microbial consumption. The remaining nitrogen in highly-processed detritus may also not be readily-available due to binding with refractory materials as discussed in the introduction. Thus, we predicted that microorganisms associated with seston are highly dependent upon dissolved nutrient resources. However, no significant differences in glucose mineralization were observed in response to nutrient amendments. We therefore conclude that microorganisms associated with seston particles in the streams we examined are not limited by nitrogen or phosphorus.
There are a number of possible explanations for our findings. One possibility is that microbes associated with seston are incapable of responding rapidly to changes in nutrient concentrations. Hofle (1984) showed that when the facultatively-oligotrophic bacterium, Cytophaga johnsonae Stanier, encountered higher nutrient concentrations after long-term adaptation to oligotrophic conditions, a lag period lasting two to three generations occurred prior to the achievement of maximal growth rates. When previously adapted to high nutrient levels, however, C.johnsonae responded immediately to nutrient addition. Physiological changes involving shifts from high-affinity, low-velocity uptake mechanisms to low-affinity, highvelocity uptake mechanisms were presumed to be responsible for the lag period (Hofle, 1984) . It is possible that in our studies, nitrate and phosphate amendments initiated such long-term alterations in microbial activity but that these changes were not detected by our 3 h glucose and 1 h thymidine incubations. Microorganisms associated with suspended FPOM are probably adapted to extremely low nutrient concentrations of seston particles and surrounding water and, consequently, may not be able to take advantage of short-term, high-concentration nutrient amendments. However, a series of experiments in which seston particles were exposed to a range of nutrient amendments (0.001-10.0 mgnitratel-';0.0005-0.5 mgphosphate I" 1 ) and extended incubation periods (0.5-24 h) indicated that microorganisms associated with seston in these streams failed to respond to nutrient amendments encompassing a wide range of concentrations and incubation periods up to 24 h (G. T. Peters, unpubl.). Consequently, it is doubtful that short term (i.e. <24 h) supplementation of nitrate and phosphate significantly altered the activity of microorganisms associated with seston. Long-term alterations in nutrient regime that induce physiological and/or structural changes in microbial communities may be required to elicit significant changes in microbial activity.
Another potential explanation is that the high lignin content of seston inhibited microbial metabolism. Native FPOM collected from firstorder streams has been found to contain 44.0-57.2% lignin and 14.7-17.4% cellulose (Ward, 1986) and approximately 45^9% of the AFDW of seston collected from White Rocks Branch is lignin (G. T. Peters, unpubl.) A number of studies have suggested that lignin content may limit leaf litter decomposition (Triska & Sedell, 1976; Paul et al., 1983; Sedell et al., 1975) . Fogel & Cromack (1977) found that lignin content appears to be a more important determinant of breakdown rates than nitrogen, and suggested that interaction between phenolic, lignin-like and nitrogen-containing compounds may be important in determining interspecific differences in leaf breakdown rates. Melillo, Aber & Muratore (1982) also suggested that if large amounts of exogenous nitrogen are available to microbes involved in decomposition, lignin content may become a more important determinant of decomposition, since lignin has been shown to slow decomposition by interfering with the degradation of cellulose and other carbohydrates (Alexander, 1977) .
A final possibility is that microbial activity is limited by the quality and quantity of carbon available. Triska et al. (1975) suggested that when C/N ratios fall below 10:1, carbon can become limiting to decomposition. Carbon/ nitrogen ratios for seston in White Rocks Branch range from 4.1 to 8.3 (G. T. Peters, unpubl.), which suggests that carbon content, rather than nitrogen content, may limit microbial activity associated with seston.
At this point, we are unable to determine the best explanation for the lack of response of seston-associated microbes to nutrient amendments. However, the sensitivity of microbial activity to temperature changes is so strong that diurnal or seasonal temperature fluctuations appear to be more important regulators of microbial activity than nitrogen and phosphorus concentrations.
